We experimentally study the group time delay for a light pulse propagating through hot 87 Rb vapor in the presence of a strong coupling field in a Λ configuration. We demonstrate that the ultraslow pulse propagation is transformed into superluminal propagation as the one-photon detuning of the light increases due to the change in the transmission resonance lineshape. Negative group velocity as low as −c/10 6 = −80 m/s is recorded. We also find that the advance time in the regime of the superluminal propagation grows linearly with increasing laser field power.
I. INTRODUCTION
Coherent population trapping (CPT) occurs when three-level atoms interact with two coherent electromagnetic fields in a Λ configuration. In this case, atoms are optically pumped into the non-interacting superposition of the two ground states (into the "dark" state), and the linear absorption of the optical fields is greatly reduced. In addition to the absorption cancellation, such atomic media exhibit steep nonlinear dispersion. This steep dispersion can result in significant reduction of the group velocity v g of a pulse propagating in a coherent medium, even though the refractive index n is still very close to unity:
Group velocity as low as a few meters per second has been demonstrated experimentally in alkali atoms in BoseEinstein condensates [1] , thermal atomic vapor [2, 3] , ruby crystal at room temperature [4] and in Pr doped Y 2 SiO 5 crystals [5] . See Ref. [6] for a comprehensive review of slow light-related research. The amplitude and width of the transmission and dispersion resonances, and therefore the nonlinear properties of the medium, are largely determined by the time atoms stay in the dark state. In thermal alkali vapors this time is limited by the interaction time of the atoms with the laser fields, which in turn is usually limited by the average time-of-flight of an atom through the laser beam. To prolong the interaction time, an inert buffer gas is often added to the atomic vapor to slow the diffusion of the coherently prepared atoms through the laser beam [7, 8, 9] . However, it has been recently demon- * Electronic address: evmik@leona.physics.tamu.edu strated that significant modification of the dark resonance is possible in atomic vapor in the presence of buffer gas [10, 11] . Namely, the initially symmetric narrow transmission resonance is transformed into an asymmetric dispersion-like lineshape and then into a (potentially narrower) nearly symmetric absorption resonance as the one-photon detuning of the laser fields from the excited state is increased. Therefore a far-detuned Λ system may exhibit superluminal propagation of the probe pulse due to the steep anomalous dispersion associated with a narrow absorption line.
Although the superluminal propagation of a light pulse near resonant absorption or gain lines has been known and discussed for more than a century [12] , interest in this effect has been revived recently by the observation of ultra-low negative group velocity [13, 14, 15, 16, 17, 18, 19, 20, 21] . Here we present an extensive study of the time delay of probe pulses propagating in a Λ scheme under the conditions of CPT. We trace the modification of positive delay for zero one-photon detuning to negative delay for large one-photon detuning. Also we present the dependence of the delay time on total laser power.
II. EXPERIMENTAL SETUP
A schematic of the experimental setup is shown in Fig. 1b. An extended cavity diode laser is tuned to 5 2 S 1/2 F = 2 → 5 2 P 1/2 F ′ = 2 transition of 87 Rb (λ = 795 nm). The laser output is phase modulated using an electro-optic modulator (EOM) at a frequency close to the 87 Rb ground-state splitting (6.835 GHz), so that one of the modulation sidebands is resonant with 5 2 S 1/2 F = 1 → 5 2 P 1/2 F = 2 transition, forming the Λ system shown in Fig. 1a . The other sideband is fardetuned from all 87 Rb transitions, and has no effect on the phenomena described below. Approximately 7% of the total laser power is transferred to the probe field. After the EOM the probe and drive fields pass through a single mode optical fiber to ensure a Gaussian spatial intensity distribution, and their polarization is made circular by a high-quality polarizer followed by a quarter wave-plate. The overall light intensity is controlled by the rotation of an additional polarizer placed after the fiber. The diameter of the laser beam at the entrance of 87 Rb cell is approximately 7 mm.
The experiment is conducted using a 2.5 cm long cylindrical glass cell filled with a mixture of isotopically enhanced 87 Rb and 30 Torr of Ne buffer gas. The cell is placed inside a 3 layer magnetic shield to screen out the Earth's magnetic field, and maintained at 68 o C, which results in an atomic density of 87 Rb vapor N = 4.7×10 11 cm −3 . After the cell the optical fields are mixed with an additional optical field shifted by 60 MHz with respect to the original laser frequency, and the amplitude of the beat signal between this field and and the probe field is used to monitor the changes in the transmitted probe field intensity.
III. EXPERIMENTAL RESULTS
To observe the modification of the dark resonance lineshape we change the one-photon detuning ∆ by changing the laser frequency, and then record the probe field transmission as a function of two-photon detuning by scanning the microwave frequency driving the EOM. In the case of a nearly resonant Λ system (∆ = 0), a narrow transmission resonance is observed due to coherent population trapping. An example of such a dark resonance is shown in Fig. 2a . As the one-photon detuning increases, the shape of the resonance changes, and for large detuning it becomes almost purely absorptive (see similar (≈ 2.5 kHz) and are determined by the decay rate of the ground-state atomic coherence. The corresponding changes in the atomic dispersion from normal (∂n/∂ω > 0) to anomalous (∂n/∂ω < 0) produces a modification of the pulse delay from positive (slow light) to negative (superluminal regime, or fast light). Examples of such pulses are shown in Fig. 3 . As expected the transmitted pulse for the resonant probe field is delayed with respect to the reference for τ = 370 µs, whereas for the far-detuned Λ system the maximum of the output pulse leaves the cell noticeably earlier than the input. For the laser detuning of ∆ = 1.45 GHz the advance time is 300 µs, which corresponds to a group index n g ≃ −4×10
6 . It is easy to see that only minimal reshaping of both retarded and advanced probe pulses is observed. In either case, the output pulses are still very close to the original Gaussian waveform, although their widths are slightly reduced. For a 1 ms duration input probe pulse the duration of the transmitted pulse is 0.94 ms in the case of slow light propagation and 0.81 ms in the case of superluminal propagation.
It is interesting to track the variation of the group velocity as the shape of the dark resonance changes from transmission to absorption with increasing laser detuning. This dependence of the delay time on the laser frequency is shown in Fig. 4 . This dependence is measured in the following way: for each one photon detuning we adjust the the two-photon tuning of the probe field to the transmission peak (maximum or minimum) by adjusting the EOM modulation frequency. Then we propagate a Gaussian temporal probe field pulse through the medium and measure its relative delay with respect to the reference pulse. Close to atomic resonance (∆ < 1 GHz) the EIT transmission peak is observed, although it becomes asymmetric as the laser detuning increases. The gap in measurements between 1 GHz and 1.4 GHz corresponds to the range where the dark resonance lineshape is too dispersion-like to find a meaningful peak. Although theoretically both slow and superluminal group velocities might be measured in this case for two slightly different two-photon detunings, in practice it is rather difficult to perform such measurements. In this regime the measured group velocity is extremely sensitive to any changes in the one-photon detuning, and therefore the instability of the laser frequency creates a huge variation of the measured pulse delays. Once the absorption resonance begins to dominate (for ∆ > 1.4 GHz), we follow the minimum of the probe transmission by again adjusting the twophoton detuning appropriately. We have also studied the dependence of the group velocity on the drive field power. We measure the pulse delay both for near-resonant (EIT) and far-detuned fields (enhanced absorption resonance) as the laser intensity is changed. The results are shown in Fig. 2 . One can see that in the case of slow pulse propagation the group delay is inversely proportional to the laser intensity. This dependence is well described by the power broadening of the dark resonance [2] :
This assumes the usual EIT conditions, namely |Ω| 2 ≫ γ 0 γ and
where Ω is the drive field Rabi frequency, γ r and γ are the radiative and total decay rates of the excited states, W D is the width of the Doppler-broadened absorption line, and γ 0 is the dark state decoherence rate.
Very different behavior is observed for the superluminal pulse propagation. Namely, the advance time linearly increases with the laser power, which means that the steepness of the anomalous dispersion increases as well. This behavior may be explained by the fact that for the far-detuned Λ system the width of the absorption resonance is much less affected by power broadening. The asymptotic behavior may be deduced from the general expression for the dark resonance width [11] 
The experimental measurements of the resonance width vs. laser power are shown in Fig. 6 and are in good agreement with this expression. At the same time, the amplitude of the resonance is directly proportional to the laser power. The combination of these two effects provides the linear growth of the atomic dispersion and the probe pulse advance time.
We can check this conclusion in the following way. The nonlinear dispersion of the atomic medium may be calculated analytically using the well-known density matrix equations for a three-level Λ system, if the motion of the atoms is neglected. Following the calculations presented in [11] we find the time delay is given by:
Although this expression is very cumbersome it reduces to Eq. (2) at one-photon resonance (∆ = 0). A simple asymptotic behavior of the time delay may be also found for large detunings ∆ 2 ≫ γ/γ 0 |Ω| 2 we find
This linear increase in pulse advance time with laser power is just what is seen in Fig. 5 .
IV. DISCUSSION
As previously mentioned, both large positive and negative group delay are the manifestation of steep atomic dispersion, either normal or anomalous. This means that the accumulated phase of an electromagnetic field traversing such a medium is very sensitive to even small variations in its frequency. Therefore, it may be measured with high precision if phase-sensitive measurements of the output field are made. The cancellation of the linear absorption is undoubtedly the biggest advantage of the steep dispersion associated with EIT, and has been widely exploited for precision magnetic field measurements [8, 22, 23, 24, 25, 26] and atomic standards [27, 28, 29, 30] .
In this light, our experimental data suggest that the narrow absorption resonances observed in buffered atomic cells in a far-detuned Λ system are also good candidates for precision measurements. We can estimate the phase ∆ϕ acquired by the probe field in this regime as:
where we assume that the detuning of the probe field from the center of the absorption resonance δ is on the order of the resonance width γ EIT . Substituting the experimental value for the group advance time τ ≃ 0.3 ms and for the resonance width γ ≃ 2.5 kHz, we find the maximum phase difference to be about 5 rad, which is on the same order of magnitude as the large polarization rotation angle in nonlinear Faraday rotation [31] and the large phase shifts induced by gradient magnetic fields in stored light experiments [32] .
V. CONCLUSION
We have studied the propagation of a weak probe pulse in an atomic cell filled with optically thick 87 Rb vapor and Ne buffer gas for various one-photon detunings from the upper atomic state of the Λ system. The pulse propagation undergoes a transition from an ultra-slow to a superluminal regime as the dark resonance lineshape changes from a narrow transmission to a narrow absorption resonance. In the latter case, advance time as long as 300µs has been observed, which is equivalent to a negative group velocity of v g ≃ −80 m/s.
We have also studied the dependence of the group delay on the laser power. While the group velocity under EIT conditions increases linearly, in agreement with the theoretical predictions, we see a linear growth of negative group delay with the laser power. The main reason is that for large one-photon detuning the contrast of the absorption resonance increases with laser intensity, whereas the change in the resonance width is negligible.
The large anomalous dispersion associated with the reported absorption resonances is associated with high sensitivity of the phase of the probe field to the frequency variations, which may be find application in precision measurements.
